This paper explores the use of an explicit solver available in ABAQUS/Explicit to simulate the behaviour of blind bolted endplate connections between composite beams and concrete-filled steel tubular (CFST) columns. Main aspects of the explicit analysis such as solution technique, blind bolt modelling, choice of element type and contact modelling are discussed and illustrated through the simulation of a large-scale test on the considered joint. The mass scaling option and smooth step amplitude are very effective tools to speed up the explicit simulation. Shell elements can be used in modelling the I-beam due to their computational efficiency and accuracy in capturing local buckling effects. With a proper control of the loading rate, the explicit analysis can provide accurate and efficient predictions of the quasi-static behaviour of the bolted endplate composite connections.
Introduction
Concrete-filled steel tubular (CFST) columns have been increasingly used in highrise buildings in recent years. In order to connect a CFST column to steel or composite beams in these framed buildings, blind bolted endplate connections are favourably used in construction practice because of their economy and simplicity in the fabrication and assembly. Experimental results carried out by France et al. [1] [2] [3] indicated that the use of CFST columns provides a significant enhancement of both moment resistance and initial stiffness of blind bolted endplate connections as compared with that of tubular columns. A typical bolted endplate beam-to-CFST column connection shown in Fig. 1 is composed of the endplates welded to the end of the steel beams. This assembly is then connected to a CFST column using blind bolts or one-sided bolts.
Experimental studies have been carried out to predict the moment-rotation behaviour of bolted endplate beam-to-CFST column joints with steel beams [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and composite beams [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . However, as summarised in Thai and Uy [26] , the number of tests on the considered joints is still limited due to expensive cost and time consuming. Therefore, finite element (FE) simulation becomes a cost-effective tool to predict moment-rotation behaviour of such connections. Several FE simulations of the bolted endplate beam-to-CFST column connections have been reported in the literature for considered joints with steel beams [10, [27] [28] [29] . Compared with steel connections, the modelling of composite connections is significantly more challenging since it involves in the complex contact interactions of additional components including concrete slab, profiled sheeting, shear connector and reinforcing bar. Kataoka and El Debs [30] [31] developed a threedimensional (3D) model for parametric study of composite connections under cyclic loadings using Diana software. Ataei et al. [32] developed a FE model of composite joints using ABAQUS to calibrate with their proposed moment-rotation model. All joint components were modelled using brick elements (C3D8R) except the reinforcing bars using truss elements (T3D2). The Hollo-bolt was modelled as a standard bolt, and its contact interactions with endplates and CFST column were simply modelled by TIE constraints. However, their model cannot fully capture the local buckling of the beam flange due to using one layer of solid elements through the thickness [33] . In addition, due to the inappropriate modelling of the Hollo-bolt and its contact interactions, the initial stiffness of joints was not accurately predicted. These limitations were overcome in the work by Thai and Uy [33] by replacing brick elements (C3D8R) by shell elements (S4R) in the steel beam, and modelling accurately the Hollo-bolt's geometry and its contact interactions with endplates and CFST column. Recently, Ataei et al. [34] [35] [36] developed model for predicting moment-rotation relationship of demountable bolted endplate composite beam-to-column connections.
The development of an accurate and reliable FE model to predict the behaviour of connections is still very limited due to the difficulty in the modelling of such large deformation and complex contact problems. Compared with the implicit analysis, the explicit method is more suitable for simulating the considered connections since it is avoidable numerical convergence difficulties encountered in the implicit solver due to large deformation and multiple contact interactions between joint components. Although explicit modelling of connections has been reported by Thai and Uy [33] , the main issues involving the explicit analysis for such connections has not been presented.
Therefore, this main objective of this paper is to discuss the issues related with the FE simulation of connections using the explicit solver available in ABAQUS/Explicit. A large-scale test on the studied connection is used for illustrative purposes.
Simulation of a large-scale test on the considered joint

Description of the tested specimen
A large-scale test (specimen CJ1) on the considered connection conducted by Loh et al. [16] was selected to serve as a reference to discuss the aspects of the explicit analysis of connections. The configuration details of the tested specimen are shown in Fig. 2 .
The joint consists of two steel beams of 250UB25.7 connected to a square hollow section (SHS) column of SHS 200×9 to form the cruciform arrangement which simulates the internal region of a composite frame. A 12 mm thick flush endplate was welled to the end of the steel beam by 8 mm thick fillet welds. This assembly was then connected to the column using eight M20 Hollo-bolts. A 120 mm deep concrete slab was supported by the Bondek profiled sheeting which was placed longitudinally with welded-through headed stud shear connectors of 19×100 mm. The main reinforcement of 416 was distributed in one layer with equal spacing over the width of the slab. The length of the specimens can accommodate five shear connectors to be placed on each cantilever beam to provide full composite action with the steel beam.
Material properties of structural steels were given in Table 1 . The compressive and tensile strengths of concrete are 17.5 MPa and 1.7 MPa, respectively. The specimen was put upside down, and a loading rate of 0.4mm/min in the linear elastic range was applied to the CFST column and then increased to 1.0 mm/min in the nonlinear range towards the failure [16] .
FE modelling
The computational time can be reduced if only a half of the specimen was modelled as shown in Fig. 3 due to the inherent symmetry of the problem. The FE mesh of the half of the specimen was illustrated in Fig. 4 . Details of the element type and mesh sizes of individual components were determined by Thai and Uy [33] based on mesh convergence studies. In addition to the contact simulation which will be discussed in the next section, the constraint conditions were also applied to joint components. For example, the tie constraint was used to tie the profiled sheeting to the bottom surface of concrete slab, whilst the steel beam was tied to the endplate using shell-to-solid coupling constraint because they were modelled by two different element types. The embedded region constraint was used to embed the reinforcement and shear connector into concrete slab. The rigid body constraint was used to tie the end cross-section of the CFST column to a reference point located at the centre of the cross-section (see Fig. 3 ).
Vertical load was applied through the reference point via a displacement control method.
Material models used in ABAQUS for modelling structural steel and concrete materials have been calibrated by Thai and Uy [33] . All simulations illustrated in this study were performed using a desktop computer with 3.6 GHz Core i7 with 32 GB RAM configuration.
Modelling aspects
Explicit solution technique in ABAQUS/Explicit
In ABAQUS, there are two different types of solution strategies: the implicit method available in ABAQUS/Standard and the explicit method available in ABAQUS/Explicit.
The implicit solution of a nonlinear problem at each increment is obtained based on an iteration process to enforce equilibrium conditions. Since the implicit method requires an inversion of stiffness matrix, it is too computationally expensive for large problems.
For complex contact problems as seen in the considered joint, the implicit method usually encounters severe convergence difficulties since a large number of iterations are needed to satisfy contact conditions. In contrast, the explicit solution of a nonlinear problem at the current state is obtained based on the kinematic state from the previous increment, and thus the inversion of the stiffness matrix is not necessary. In addition, no iterations are required in the explicit method to enforce contact conditions. As a result, the severe convergence difficulties encountered in the implicit method for complicated contact problems can be overcome in the explicit analysis.
Speeding up the simulation
Running time in the explicit analysis is a function of not only the model size, but also the time increment size. In the explicit solver, the time increment is internally calculated to satisfy the stability limit t which is a function of element size L, Young's modulus E and density  of materials (
Since the stability limit is usually very small, it is computationally impractical if the quasi-static loading rate is used in the simulation because of requiring a large number of increments to complete the simulation. Therefore, in order to obtain an economical quasi-static solution, the simulation needs to be sped up by using the smooth step amplitude and increasing the time increment size.
To illustrate the effect of using the smooth step amplitude, Fig. 5 compared the loaddisplacement curves predicted by the FE simulations using the smooth step and linear step (tabular) amplitudes with the experimental result tested by Loh et al. [16] . These amplitudes shown in Fig. 6 were applied to the displacement control at the end crosssection of the column with a loading rate of 6.25 mm/min which is 15 times greater than the loading rate used in the test. It can be observed that if the smooth step was used, the predicted response was very smooth and close to the test result [16] . Meanwhile, the response generated by the linear step exhibited some vibrations due to inertial dynamic effects, especially in the initial range when the behaviour of the connection is linear elastic.
Another alternative to speed up the explicit simulation is to increase the time step size, i.e. the stability limit / t L E    , through increasing the element size and density or reducing Young's modulus. While increasing the element size is usually impractical for structures with complex geometries, reducing Young's modulus will affect accuracy due to the change in the stiffness of the model. Therefore, the only way to increase the time step is to increase density of the smallest elements which control the time step through the mass scaling option. Mass scaling is suitable for quasi-static problems where the velocity is low and the kinetic energy is very small compared to the internal energy. In this method, mass should be added to non-critical regions of the model. To demonstrate the effects of the mass scaling method, Fig. 7 showed the comparison of the explicit solutions with and without using mass scaling. The corresponding CPU times were also given. The mass scaling was applied to the smallest elements at the bolt shank which control the time step. The time step t was increased from 3.05×10 -5 s (without mass scaling) to 5.38×10 -5 s when the mass of the bolt shank was scaled up four times. It can be seen from Fig. 7 that the explicit solutions of two cases are almost identical. In other words, the additional mass assigned to the bolt shank has negligible effect on the response of the joint, but it can reduce the CPU time up to 42 %.
Time period used in the simulation
It is noted that the response generated by the explicit method is transient and strongly dependent on the loading rate used. Therefore, it is computationally expensive for quasi-static problems if the quasi-static loading rate is modelled exactly since a large number of increments are needed to complete the simulation. In order to obtain an economical solution, i.e. a sufficiently accurate prediction in the shortest time period, the simulation time was usually scaled down to a time period in which the inertial dynamic effects become significant. Based on the classical dynamic theory, the transient response of a dynamic system can be approximately treated as quasi-static one if the loading duration is large compared to the natural period of the system [37] . For complex structures, however, this statement does not give any direct guidance on the exact time period needed in the simulation. Therefore, a trial and error process is usually used to determine the maximum viable loading period. [16] , it can be considered as the maximum viable loading rate that can be used to simulate the quasi-static response of the studied connection. It should be noted that the actual loading rate used in the experiment is only 0.4mm/min [16] which is 15 times smaller than the one used in the simulation.
Validating the explicit solution
If the experimental result was not available, the accuracy of explicit solutions can be verified by checking the energy output. Based on ABAQUS/Explicit manual [38] , the explicit solution can be considered as a quasi-static one if the ratio of the kinetic energy (KE) to the internal energy (IE) is less than 10 %. Fig. 9 compared the KE and IE outputs of the whole model at different loading rates. Although the IEs are almost similar at different loading rates, the KEs reduce significantly when the loading rate decreases. As a result, decreasing the loading rate will lead to a reduction in the KE-to-IE ratio as illustrated in Fig. 10 . Based on the energy criterion stated in ABAQUS, only the explicit solution at the loading rate of 6.25 mm/min can be considered as quasi-static solution since its KE-to-IE ratio is less than 10 %.
Another method to validate the explicit solution is to check the equilibrium of the applied load and the reaction force. The explicit solution can be considered as a quasistatic one if the obtained reaction is approximately equal to the applied load. Fig. 11 showed the comparison between the applied load and the reaction force of a half of the connection at different loading rates. In order to obtain the applied load, the load control method was used in the explicit simulation. It can be seen that the reaction force of the joint under the loading rate of 25 mm/min exhibited some differences with the applied load. These differences become smaller when the loading rate decreases. At the loading rate of 6.25 mm/min, the obtained reaction force is almost identical with the applied load (see Fig. 11c ), and thus the explicit solution at this loading rate can be considered as quasi-static solution.
Modelling of Hollo-bolt
One-sided bolts or blind bolts are designed to be installed from one side or the outer side of the tube. There are several types of commercially available blind bolts such as Hollo-bolt, Ajax Oneside bolt, Huck bolt and Flowdrill system. Unlike other blind bolts, the geometries of Hollo-bolt's before and after tightening are totally different as shown in Fig. 12 . This difference enhances both initial stiffness and moment resistance of the joint if the tubular column is filled in with concrete. Therefore, to obtain an accurate prediction, the Hollo-bolt's geometry should be carefully modelled. In this study, a simplified bolt model proposed by Thai and Uy [33] in Fig. 12c was adopted to illustrate the Hollo-bolt modelling. The pretension in the Hollo-bolt was included in the explicit analysis by means of an initial temperature assigned to the bolt shank (see Fig.   12c ) because the bolt load tool is not available in ABAQUS/Explicit. More details of this approach can be found in Thai and Uy [33] . In the test conducted by Loh et al. [16] , the Hollo-bolt was tightened up to 300 Nm torque corresponding to an initial tension of 76 kN or an initial stress of 310 MPa.
In the explicit method, the mesh size is very sensitive to the computational cost of the simulation since it involves not only in the number of degree of freedom (DOF) but also in the calculation of time increment size. To investigate the effect of mesh size on the structural response and computational time, three different mesh sizes shown in Fig. 13 were used in the modelling of Hollo-bolt. Each mesh was notated by two numbers in which the first number indicates the number of elements around the perimeter of the bolt, whilst the second number indicates the number of elements along the radius of the bolt shank. The meshes of the endplate, infilled concrete and column hole are also changed according to the mesh of the Hollo-bolt so that contact interaction between them can share the same mesh. Fig. 14 showed the distribution of the von Mises stresses of the Hollo-bolt due to the pretension. As expected, the von Mises stresses distributed in the Hollo-bolt become more uniform if a finer mesh is used. There is a stress concentration observed in the case of the coarse mesh (Mesh 1). Fig. 15 showed a comparison of the load-displacement responses of the connection predicted by three different meshes with the experimental results [16] . The CPU times of three simulations were also provided in Table 2 . It can be seen that the responses generated by three meshes are very close each other until the post-buckling phase. In other words, the initial stiffness, ultimate resistance and pre-buckling response of the connection are not sensitive to the mesh size of the bolt. This is due to the fact that the global behaviour of bolted endplate connections was not controlled by the bolt. By comparing with the experimental result, Mesh 2 would be the optimum choice when considering both the accuracy and computational efficiency.
Selection of element type
In the considered connection, the reinforcement, profiled sheeting and concrete are obviously modelled by beam, shell and solid elements, respectively, due to their naturally 1D, 2D and 3D behaviour. However, the steel tube, endplate and steel beam can be modelled by either solid or shell elements. Compared with the solid element, the shell element is not only more computationally efficient due to involving less number of DOF, but also provides a better prediction of the behaviour of the connection (see Fig.   16 ) and local buckling effects (see Fig. 17 ). However, for contact problems which require accurate representation of the geometry, the use of solid elements is unavoidable since shell elements cannot sufficiently represent their physical thickness. Based on these facts, the profiled sheeting and steel beams will be modelled by shell elements (S4R), whilst the remaining components of the joint except for the reinforcement will be modelled by brick elements (C3D8R).
Contact modelling
In addition to the constraint conditions, the interactions between contacting surfaces of the joint components also need to be modelled using either the general contact or surface-to-surface contact types available in ABAQUS/Explicit. In the general contact type, many contact pairs can be defined at the same time, and the contact region is not necessary to be continuous as in the case of the surface-to-surface contact type. The general contact is therefore adopted in this study. In this contact algorithm, a finitesliding formulation with a penalty method was used to enforce contact constraints between the contact pairs. This formulation allows for arbitrary separation, sliding and rotation of the surfaces in contact. The penalty method enforces both the normal contact behaviour with a "hard" pressure-overclosure relationship and the tangential behaviour with Coulomb friction model. This method is computationally efficient for modelling friction. Only the penalty enforcement-based finite-sliding formulation is currently available for the general contact type in ABAQUS/Explicit.
In this connection, eight contact pairs were used in the general contact type to define the interaction of the components in the joint. Details of each contact pair can be found in [33] . It is also noted that for each contact pair the selection of master or slave surfaces is not necessary [39] . In addition, in order to reduce the analysis time, the mesh between contacting surfaces in each contact pair should be the same. The contacting surfaces around the bolt and contact pressure in the bolt due to the bolt pretension were illustrated in Fig. 18 .
FE analysis
In this section, the behaviour of all components of the considered connection during the loading progress was examined through the FE analysis. The global behaviour of the connection is characterised by the load-deflection curve shown in Fig. 19 . The specific values of the applied load and corresponding displacement at critical points were also summarized in Table 3 . The distribution of von Mises stresses in all components at the ultimate load was shown in Fig. 20 .
It can be seen from Fig. 19 that the first critical point due to the initial crack occurred in the concrete slab was detected at very low loading level (around 6% of the ultimate load). The distribution of the tensile damage parameter in the concrete slab shown in Fig. 21 indicated that the crack first initiated at the top surface of the corner of the column and slab, and propagated towards the slab edge and the bottom surface when the loading increased. The relationship between the applied load and the crack width at the top surface of the concrete slab was illustrated in Fig. 22 . There is a slight change in the slope of the load-crack width curve after the formation of the first crack concrete slab at a loading level of 21 kN. When the applied load is greater than 280 kN, the slope of the load-crack width curve reduces significantly due to remarkably widening of the crack.
This in turn leads to a considerable reduction in the slope of the load-deflection curve (see Fig. 19 ). After the yielding in the reinforcement is formed (critical point 6), the reduction in stiffness becomes significant as the loading increased further. The explanation for this fact might be due to the loss of the bond between the reinforcing bar and surrounding concrete caused by progressively widening of the crack as shown in Fig. 22 .
As shown in Fig. 20b-d , the stresses in the steel column, endplate and steel beam were concentrated at the interaction region between the endplate, the bottom flange and lower part of the web. This is expected because of the transfer of the compression force in the compression zone of the composite beam under hogging moment. Due to the confining effects of the steel tubular column, the maximum von Mises stress found in the infilled concrete is up to 53.6 MPa (see Fig. 20a ) which is three times greater than the compressive strength of concrete. Similar observation was also found in the concrete slab in Fig. 20a . Therefore, these effects should be included in the modelling of concrete material. It is observed from Fig. 20e that the stress in the headed stud shear connector was concentrated in the region welded to the beam flange. This is expected since the longitudinal shear force in the concrete slab will transfer to the steel beam through this welded region. The Hollo-bolt in the considered connection was not yielded since the maximum von Mises stress concentrated at the interaction with the endplate and column is much smaller than its yield stress (see Fig. 20f ). It is observed from Fig. 20g ,h that the stresses in the profiled sheeting and reinforcement were concentrated at the region around the connection.
Conclusions
This paper presents an explicit approach to analyse blind bolted endplate beam-to-CFST column connections. Several issues concerned with the explicit analysis are addressed and illustrated through the modelling of a large-scale test. The following points can be outlined from the present study:
(1) The mass scaling option and smooth step amplitude are very effective tools to speed up the explicit simulation. These useful tools make the explicit method attractive and applicable to simulate the quasi-static behaviour of bolted endplate connections.
(2) The explicit analysis can provide accurate and efficient predictions of the quasistatic responses of the studied connection if the loading rate is properly controlled. (4) Unless an accurate representation of the geometry of shell structures is required, shell elements should be used in modelling due to their computational efficiency and accuracy in capturing local buckling effects. This statement is correct for both thin and thick shell structures since the S4R shell element provided in ABAQUS is applicable for the analysis of both thin and thick shells. Table 1 . Material properties of structural steels Table 2 . CPU times on 3.6 GHz Core i7 with 32 GB RAM Table 3 . Applied load and corresponding displacement at critical points Test [8] [14]
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